A range of iridescent colour appearances are presented by male Swinhoe's pheasants' (Lophura swinhoii) mantle feathers. Two distinct regions of the open pennaceous portion of its feathers display particularly conspicuous angle-dependent reflection. A bright blue band appears in one region at normal incidence that spatially shifts to another at higher illumination angles. The two-dimensional photonic crystal-like nanostructures inside the barbules of these two regions are similar. However, this study found that the spatial variation in their colour appearance results from a continuously changing orientation of barbules with respect to the alignment of their associated barb. A multi-layered rigorous coupled-wave analysis approach was used to model the reflections from the identified intra-barbule structures. Wellmatched simulated and measured reflectance spectra, at both normal and oblique incidence, support our elucidation of the origin of the bird's distinctive feather colour appearance.
Introduction
Colours in feathers, integument and scales of animals arise from the absorption associated with pigmentation, the coherent scattering associated with the interaction of light with periodic nanostructures or a combination of both of these factors. Particularly bright and often more conspicuous colour appearances of some birds' feathers generally arise from nanostructures present within their barbs and barbules [1, 2] . The nanostructures themselves usually comprise keratin, melanin and air, and may be formed as laminar systems [3] , photonic crystal systems [4, 5] or a complex spongy network exhibiting quasi-order [6] . A structure combining thin film and photonic crystal has also been proposed [7] . In many avian feather barbule systems, structural colour arises from the interaction between incident light and arrays of melanin rods [7] [8] [9] or granules [10, 11] embedded in them.
While most bird feather studies have described the iridescent colours resulting from just the feathers' inherent nanostructures, for Lawes' parotia [12] , Stavenga et al. [13] further examined the optical contribution arising from the anatomy of the feather barbules themselves. Clearly, although structural colour generally arises from inherent nanostructures in the feather, the conformation of feather barbules themselves, such as their varying geometric orientation, also contributes to the overall colour appearance. Using electron microscopy analysis, one may find that the conformation of the nanostructures in different barbules' regions gives rise to different reflection. These analyses suggest that the interesting colour appearance of male Swinhoe's pheasants' feathers arises not only from the inherent nanostructure of the barbules but also from the continuously changing orientation of the barbules themselves. In this article, in addition to the nanostructure inside the barbules of male Swinhoe's pheasants' mantle feathers, the orientation of different regions of barbules is considered in detail and used to explain the origin of their colour appearance.
The species of bird under study in this work, Swinhoe's pheasant (Lophura swinhoii), is one of the endemic avian species in Taiwan. Feathers of the male exhibit a range of conspicuous colours: blue breast feathers; green wing covers; red scapulars and white rectrices. The blue appearance of its mantle feathers is particularly conspicuous, changing spatially across the feather region when the animal walks in front of a stationary observer. The colour appearance of these mantle feathers that extend into the upper tail is shown in figure 1a . The open pennaceous [14] feather region is marked by the letters A and B in figure 1b. Region A shows bright bluish colour at normal viewing angles. The area is referred to as the distal region. The area labelled region B is relatively darker at normal viewing angles. This area is referred to here as the proximal region. Figure 1b shows the barbules and the bright band in detail. At much higher angles of incidence, beyond 408, the proximal region of the feather becomes bright, as indicated in figure 1c. It shows how the bright blue colour of the mantle feather transits from one region to another as the observation or illumination angle increases. This phenomenon gives rise to a bright blue reflection that is accompanied by dark black bordering on the mantle feather at every viewing angle.
This study analysed the structure of the barbules of Swinhoe's pheasant mantle feathers, which comprise arrays of two-dimensional photonic crystal-like melanin rods encased in a single thin film, keratin cortex. Electron microscopy reveals the number of periods of melanin rods in these arrays is between 3 and 9. This limited number of periods restricts the effectiveness of plane wave expansion method for modelling the photonic properties of the system. The inherent photonic crystal-like structure composed of finite periods through layer-by-layer stacking of these rods, produces an optical grating-like structure in this system. For this reason, we treat the system as a multilevel grating and employ a multi-layered rigorous coupled-wave analysis (RCWA) method [15, 16] to model its optical properties and behaviour.
Experimental details

Electron microscopy
The barbules of the distal and proximal regions of the mantle feather were examined by scanning electron microscopy (SEM). A barb (denoted by I) and its associated barbules (denoted by II) are presented in figure 2a . The barbules of the distal region of the feather on the two sides of a barb spread out more narrowly than those of the proximal region of the feather. The orientation of the barbules changes gradually as shown in figure 2b (side view); figure 2c-A and figure 2c-B show magnified regions of the side view of the distal and proximal feathers, respectively. They reveal that the elevation of the barbules of the proximal region of the feather is higher than that of the distal feather region. Figure 3 shows the transverse cross-section of nanostructures inside the barbules. The transmission electron micrographs (TEMs) in figure 3 reveal the intra-barbule structure. As commonly observed in avian feathers [7] [8] [9] , melanin rods appear densely packed in periodic arrays within the barbules. For modelling purposes, we represent this structure as a two-dimensional photonic crystal-like structure, arranged in rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141354 a hexagonal lattice and covered by a thin keratin cortex. Analysis of the barbules' TEMs gives the radius r, and the period D of melanin rods to be 57 + 7 nm and 146 + 11 nm, respectively, and the thickness of the keratin cortex, d, is 76+ 9 nm (figure 3b). The melanin rods are embedded in medullary keratin. Cross-comparison of many TEMs confirms the conformation of these periodic nanostructures is similar in both the distal and proximal feather regions. This, combined with the optical appearances in the feather region, indicates the orientation of the barbules is one of the key factors in the way in which it interacts with incident light.
Feather barbule orientation
For the purpose of modelling, we represent the orientation of a barbule, with respect to its barb, based on the SEM photos in figure 2. This representation is schematically shown in figure 4a. The barb axis is set as the y-axis, and the normal direction is the z-axis. The orientation of any barbule with respect to its barb can be described in polar coordinates using variables u and f as shown in figure 4a. In terms of (u, f ), the average orientation of barbules in the distal and proximal regions of the feather are (84.78+5.18, 71.98+13.28) and (59.28+20.28, 64.08+8.88), respectively (taken from n ¼ 30 SEM measurements). Therefore, the melanin rods, denoted by A and B for the distal and proximal regions, respectively, have a different orientation.
Based on the TEM photos in figure 3 , the nanostructure of melanin rods can be simulated as a two-dimensional photonic crystal with a hexagonal lattice as shown by the schematic in figure 4b. In this figure, the thin keratin cortex and thick medullary keratin are taken into consideration and are represented by light grey. The number of periods of melanin rods is between 3 and 9, with a mean period number and standard deviation of 5.4 + 1.2. The Cartesian coordinates on this melanin rod system is set as (x 0 , y 0 , z 0 ), and the corresponding polar coordinates (u 0 ,f 0 ), where u 0 is the polar angle starting from the z 0 -axis and f 0 is the azimuth angle starting from the x 0 -axis. The transformation between (x, y, z) and (x 0 , y 0 , z 0 ) for a barbule can be derived by a transformation of coordinates, with reference to the schematic diagram shown in figure 4a. The details are described in electronic supplementary material.
Spectrometry
To investigate the reflection properties of the mantle feather shown in figure 1b, the normal reflectance was measured through a bifurcated fibre probe [17] . All seven fibres in this probe have a numerical aperture of 0.22 + 0.02 with an incident spot diameter of approximately 2 mm at normal incidence, where u i ¼ 08 and f i ¼ 08. The bifurcated fibre probe was set as close as possible (less than 1 mm from the feather), and the set-up was then fixed to ensure the reflected light could be collected appropriately. The light source was an unpolarized tungsten xenon lamp. The reflected light collected by the fibre was detected by a CCD-array spectrometer (i-trometer TM , BW Technologies). In addition to this, to collect light reflected over a broad range of angles, we designed an angle-resolved integrating sphere (Hong-Ming Technology), and the resolution of the incident angle was 18. The integrating sphere included the facility used to control the illumination angles. Three mantle feathers were fixed to the centre of a holder with a 3.5 Â 25 mm slit. The reflectance spectra were measured at oblique angles along the y-axis of figure 4a, with values of u i from 08 to 508 at 58 intervals and with f i ¼ 2708. Figure 3 reveals that the rods are periodically packed within the barbules of the mantle feather. This system was treated as a multilevel grating with the refractive index varying periodically along the x 0 -axis defined earlier. Each layer of melanin was segmented into several thin sub-layers (figure 4b, dash lines) with thicknesses of approximately 7 nm. This is smaller than the radii of the melanin rods by an order of magnitude. The reflectance spectra of the system (multilevel grating covered by a thin keratin cortex and a comparatively thick medullary keratin layer beneath) were calculated by using the multi-layered rigorous coupled-wave analysis (RCWA) method [15] . For this, a transmission matrix (T-matrix) algorithm was calculated using the RCWA method [16] via coding with MATLAB. The approach to the RCWA method involves determining solutions to the boundary conditions of Maxwell's equations for grating structures. The periodic refractive index modulation associated with a diffraction grating can be described by Fourier series and this can then be applied to the RCWA method so that the system's transmittance and reflectance can be calculated. The model incorporated the thin keratin cortex observed in the TEMs. This photonic heterostructure comprises a thin film and a two-dimensional photonic crystal-like structure [7] . The incident angles, (u The refractive indices are set as n a ¼ 1.00 for air, n k ¼ 1.58 for keratin and n m ¼ 2.00 for melanin. The refractive index often quoted for melanin in older literature [18] may be marginally lower than this in reality. The materials' extinction coefficients, after comparison with measured reflectance spectra in simulation process, were set as k m ¼ 0.2 for melanin and k k ¼ 0.03 for keratin, though the extinction coefficient of melanin is higher than 0.6 suggested by Brink & van der Berg [19] . The reason for this difference may be due to the specifics of the way the underlying structures are described. The coherent scattering arises not only from the thin keratin cortex but also from the melanin rod arrays beneath it. The model considered by Brink and van der Berg comprises only the thick and uniform keratin cortex for the feather barbules of Bostrychia hagedash. The extinction coefficient of eumelanin has been proposed [20] for which the k-values are smaller than 0.3 in the range from 400 to 800 nm. Since the dispersion of extinction coefficient is assumed to be relatively small [8] , the model in this study uses a constant value.
Simulation
For the refractive index contrast used in our model, the maximum reflected intensity converges to a fixed value when the number of melanin layers exceeds 5, which is coincident with the average number of periods of the melanin rods observed by TEM ( figure 3 ). For this reason, the number of melanin rod layers along the z 0 direction was set as 6 in the simulation.
Results and discussion
The measured and calculated reflectance spectra at normal incidence illumination for both of the distal and proximal regions of the feather are shown in figure 5 . We suggest the differences in scale between measured reflectance and modelled reflectance result from scattering losses caused by the barbules surfaces, which are not perfectly smooth. The dark barbs and vacant spaces between barbules of the open pennaceous feather region also reduce the reflectance. Clearly, both experimentally collected and modelled data indicate the distal region of the feather returns a much brighter blue colour than the proximal region of the feather at normal incidence. Both of the calculated and measured peak wavelengths are at approximately 425 nm.
To verify the reliability of the simulation model combining the multi-layered RCWA method and the barbule orientation, figure 6 shows the reflectance calculated at oblique angles from u i ¼ 08 to 508 at 58 intervals and f i ¼ 2708. The light scattered at any angle was experimentally detected using an integrating sphere. For this model, the zeroth-order diffraction intensity at any incident angle to the nanostructures, (u
was theoretically calculated by the multi-layered RCWA method. The peak wavelengths of the measured reflectance spectra in the angle range u i ¼ 08 to 508 for the distal and proximal regions of the feather were in the range 430 to 390 nm and 425 to 415 nm, respectively. Similar results emerged also in the calculated data, namely; reflectance peak wavelengths for the distal and proximal regions, respectively, were calculated to be in ranges 425 to 360 nm and 425 to 415 nm from u i ¼ 08 to 508. The slight blue shift from blue-violet colour to near UV is barely discernible by human vision. Therefore, this analysis used the average reflectance between the measured and calculated results displayed in figure 6a ,b for the distal and proximal regions, respectively. Calculations were undertaken for wavelengths of 380 nm to 780 nm. rsif.royalsocietypublishing.org J. R. Soc. Interface 12: 20141354 Figure 6 compares the experimental and modelled angledependent reflectance of the system. The two datasets appear to agree well. The average reflectance is highest around normal incidence (u i ¼ 58) in the distal region of the feather and then decreases with the further increasing illumination angles (u i ). However, the average reflectance of the proximal region of the feather increases with illumination angle in the range u i ¼ 08 to 308 and then decreases. Therefore, the first picture in figure 1c shows that the brighter coloured band appears at the outer part of the open pennaceous portion around normal incidence (u i ¼ 58). The third picture in figure 1c shows that it shifts to the middle of the feather at approximately u i ¼ 308. This means the peak of the average reflectance for the distal and proximal regions of the feather occurs at u i ¼ 58 and u i ¼ 308, which approximates a normal incidence condition (u i 0 ¼ 08) for the nanostructures' orientations on the distal and proximal regions of the feather. This corresponds to the highest reflectance for light at normal incidence on the nanostructure systems. The polar angle, u, of the barbules gradually increases from the outer to the inner region along the open pennaceous portion of the feather, (figures 2 and 4a). In this way, the normal incidence angle condition (u i 0 ¼ 08) of the feather's nanostructure occurs at increasingly higher illumination angles (u i ). For both the distal and proximal feather regions, the reflectance decreases at incident angles beyond 308, at which the reflectance of the proximal region is comparatively higher than that of the distal region. Consequently, the brighter blue band shifts from the outer to the inner region of the feather with increasing illumination angle and/or viewing angle. This is shown in figure 1c .
The conspicuousness of the blue -violet colour of male Swinhoe's pheasants' mantle feathers may have some significance in mate choice [21] . Particularly, the continuous change in orientation of the barbules creates a spatial colour shift that enhances its visibility.
In this article, combination of a single thin film of keratin cortex, two-dimensional photonic crystal-like nanostructures and the orientation of the barbules yields a good model for understanding the optical properties of this system. Accordingly, the macroscopic colour appearance associated with the calculated and measured reflection data shown in figure 6 corresponds to the appearance of the feather in figure 1c.
Summary
Male Swinhoe's pheasant mantle feathers exhibit a spatial shift in their colour appearance that is rather unusual. This study modelled its colour appearance using an approach based on the multi-layered RCWA method. The theoretically calculated reflectance spectra associated with the bird's distal and proximal feather regions were found to be in good agreement with experimentally measured reflectance data because the orientation of the barbules was considered.
The changing orientation of these barbules, with respect to the position along the feather barb, alters the angles of incident light, (u i 0 , f 0 i ) onto the intra-barbule nanostructures, especially at oblique angles. The average reflectance of the measured and calculated data was found consistent for both the distal and proximal regions of the feather. This strongly supports the visual cues indicating that the colour reflected from the different regions of the mantle feather have a slightly different colour appearance that depends on the illumination and observation conditions. In our model, the orientation of the barbules gradually varies along the barbs of the feather: this led to the brighter bluish colour band shifting spatially from the outer to the inner region of the open pennaceous portion of the feather as viewing angle increased. The model developed in this study explains the spatial shifts in colour appearance of Swinhoe's pheasant's mantle feathers.
